The diverse involvement of heterogeneous nuclear ribonucleoprotein K in mitochondrial response to insulin  by Dzwonek, Artur et al.
FEBS Letters 580 (2006) 1839–1845The diverse involvement of heterogeneous nuclear ribonucleoprotein K
in mitochondrial response to insulin
Artur Dzwonek, Michał Mikula, Jerzy Ostrowski*
Department of Gastroenterology, Medical Center for Postgraduate Education and Maria Skłodowska-Curie Memorial Cancer Center
and Institute of Oncology, Roentgena Street 5, 02-781 Warsaw, Poland
Received 19 January 2006; revised 15 February 2006; accepted 16 February 2006
Available online 24 February 2006
Edited by Vladimir SkulachevAbstract Heterogeneous nuclear ribonucleoprotein K (hnRNP
K protein) is an RNA/DNA-binding protein that acts in several
compartments, including mitochondria. It integrates cellular sig-
naling cascades with multiple processes of gene expression mech-
anisms. Our studies demonstrate that: (1) insulin activates the
import of hnRNP K protein into mitochondria in vitro and
in vivo; (2) overexpression of hnRNP K protein modulates insu-
lin-activated mitochondrial gene expression; and (3) insulin
treatment stimulates binding of hnRNP K protein to mitochon-
drial DNA. Based on these and our previously reported results
we conclude that hnRNP K protein may be a mediator of mito-
chondrial response to insulin.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mammalian mitochondria include about 1000 proteins [1],
only 13 of which are encoded by the mitochondrial genome
[2]. Other mitochondrial proteins which are encoded by nuclear
DNA are synthesized in the cytoplasm and imported into the
mitochondria. Some of these proteins are localized exclusively
within the mitochondria while others exhibit multi-compart-
ment localization [3]. Heterogeneous nuclear ribonucleoprotein
K (hnRNP K) is one of the proteins acting in several sub-cellu-
lar compartments, including mitochondria. It is believed that
this protein integrates cellular signaling cascades with nucleic
acid-directed processes [4].
Mitochondria are most notably involved in ATP production
but also contribute to thermogenesis, free radical production,
calcium homeostasis and apoptosis [5]. Insulin activates mito-
chondrial bioenergetics predominately in muscle, liver and adi-
pose cells [6]. A recent study from our laboratory indicatedAbbreviations: hnRNP K protein, heterogeneous nuclear ribonucleo-
protein K; HTC-IR, rat hepatocytes overexpressing the human insulin
receptor; EDTA, ethylenediaminetetraacetic acid; PVDF, polyvinyli-
dene ﬂuoride; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel
electrophoresis; CCCP, m-chlorophenylhydrazone; ER, endoplasmic
reticulum; RT-real time PCR, reverse transcriptase-real time polymer-
ase chain reaction; GFP, green ﬂuorescent protein
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doi:10.1016/j.febslet.2006.02.043that hnRNP K protein interacts with mitochondrial transcripts
and that these interactions are augmented by insulin [7].
Presently we investigate the involvement of hnRNP K pro-
tein in mediation of insulin action within mitochondria and
demonstrate that insulin enhances mitochondrial import of
hnRNP K protein not only in whole cells in vivo, but also
in vitro when mitochondria are isolated from insulin treated-
cells. Thus, an insulin import signal is probably localized
within mitochondria and remains intact during organelle isola-
tion. We also demonstrate that hnRNP K protein modulates
insulin-activated mitochondrial gene expression and binds to
mitochondrial DNA. The latter interaction is stimulated by
insulin treatment. Thus, our studies provide evidence in sup-
port of our proposal that hnRNP K protein acts as mediator
of mitochondrial response to insulin.2. Materials and methods
Cells. Rat hepatocytes overexpressing the human insulin receptor
(HTC-IR) were grown as previously described [8].
2.1. hnRNP K protein import into mitochondria
The labeled hnRNP K protein was prepared by translation of the
in vitro transcribed hnRNP K protein mRNA in the reticulocyte lysate
translation system in the presence of 35S-methionine using the TNT T7
Quick Coupled Transcription/Translation System as per the manufac-
turer’s protocol (Promega).
Mitochondria were puriﬁed from cells by diﬀerential centrifugation
[9] using Cytosol Extraction Buﬀer from the BioVision Kit (BioVision
Inc.). Freshly prepared mitochondria were suspended in an isotonic su-
crose buﬀer (0.25 M sucrose, 1 mM ethylenediaminetetraacetic acid
(EDTA), 10 mM Tris–HCl, pH 7.4) and then were further puriﬁed
by centrifugation through a 1.0/1.5 M discontinuous sucrose gradient
[10]. The mitochondria-containing pellet was washed with isotonic su-
crose buﬀer, and re-suspended in import buﬀer (220 mM D-mannitol,
70 mM sucrose, 2 mM HEPES–KOH, pH 7.4).
Import of hnRNP K protein into mitochondria was performed
according to the previously reported method [11]. Brieﬂy, the import
reaction was initiated by addition of 10 ll of in vitro-synthesized
35S-hnRNP K protein in the reticulocyte lysate translation mixture
per 50 ll of mitochondria re-suspended in import buﬀer containing
20 mM methionine and incubation of the reaction at 30 C for
30 min. The import reaction was halted by washing twice with 200 ll
of ice-cold import buﬀer, followed by separation into mitochondrial
pellet and post-mitochondrial supernatant by centrifugation through
1.0 M sucrose (in 100 mM KCl, 20 mM HEPES, pH 7.4) at
20000 · g, for 10 min at 4 C.
The mitochondria were solubilized in gel-loading buﬀer (62.5 mM
Tris–HCl, pH 6.8, 4% SDS, 10% glycerol, 2% b-mercaptoethanol,
0.01% bromophenol blue) or separated for membrane fractions and
mitochondrial matrix. For sub-fractionation, the mitochondrial pellet
was diluted in 150 ll of hypotonic buﬀer (5 mM Tris–HCl, pH 7.4, and
1 mM EDTA containing inhibitors of proteases) and incubated in theblished by Elsevier B.V. All rights reserved.
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centrifugation at 20000 · g for 20 min at 4 C. The supernatant which
contained outer membranes and proteins from the intermembrane
space was retained and the pellet containing mitoplasts was washed
three times with hypotonic buﬀer. This was followed by separation
of inner membrane and matrix fractions by incubation of mitochon-
dria in lysis buﬀer (150 mM NaCl, 5 mM EDTA, 1% Triton X-100,
0.5% NP-40, 50 mM Tris–HCl, pH 7.5, and including the cocktail of
protease inhibitors) on ice for 20 min, followed by centrifugation
(20000 · g, 15 min at 4 C). Fractions containing mitochondrial pro-
teins were analyzed by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS–PAGE) and electronic autoradiography. The digital
images and densitometric analyses of hnRNP K protein bands were ac-
quired with the Molecular Imager FX Pro Plus (Bio-Rad).
Reverse transcriptase-real time polymerase chain reactions (RT-real
time PCRs) were performed as described previously [12]. Total RNA
was prepared from cell pellets using the RNeasy Mini Kit (Qiagen).
Speciﬁc RNA concentrations were quantiﬁed by RT-real time PCR.
5 lg of total RNA was reverse transcribed using SuperScript II RT
(Gibco-BRL) and random hexamers in a ﬁnal volume of 20 ll as per
the manufacturer’s protocol. Real time-PCR was performed using dou-
ble-stranded DNA-speciﬁc dye SYBR Green I. The reaction mixture
contained template DNA, 12.5 ll 2· SYBR Green PCR Master Mix
(Applied Biosystems), and 50 nM primers at a ﬁnal volume of 25 ll.
Ampliﬁcation, data acquisition, and data analysis were carried out
using the GeneAmp 7000 Sequence Detection System (Applied Biosys-
tems). In each reaction, standard curves were generated for a primer set
by serial dilution of isolated and quantiﬁed mitochondrial DNA or by
dilution of plasmid DNA encoding the relevant cDNA. Melting curves
were generated after each reaction to verify melting temperatures of the
amplicon. The purity of the Real time-PCR product was additionally
veriﬁed by agarose gel electrophoresis. Primer sequences are available
as supplementary data (http://gastrolab.coi.waw.pl).
hnRNP K protein binding to mitochondrial DNA. The analysis was
based on previously published methods [13,14] with minor modiﬁca-
tions. Mitochondria were isolated as described above, re-suspended
in 0.5 M sucrose, 50 mMHEPES, pH 7.6, 2 mMEDTA, 1 mMEGTA,
50 mM NaCl, 7 mM b-mercaptoethanol, 1 mM phenylmethylsulfonyl-
ﬂuoride, 1· Protease Inhibitor mixture (Roche), 1 mM spermidine and
1% formaldehyde and incubated at 4 C for 16 h with slow mixing. The
reaction was quenched with 125 mM glycine, pH 7.0, and the mitochon-
dria were washed twice with PBS, pelleted by centrifugation, re-sus-
pended in lysis buﬀer and sheared with an ultrasonic processor. Pull
downs were done using anti-hnRNP K protein antibody (#54) either
with or without blocking peptide, followed by precipitation with biotin-
ylated anti-rabbit IgG (Vector) and magnetic Dynabeads M-280 Strep-
tavidin (Dynal Biotech). Beads were washed 5 times with IP buﬀer and
DNAwas eluted from the magnetic beads with 250 ll elution buﬀer (1%
SDS, 0.1 M NaHCO3). Cross-linking was reversed by addition of 20 ll
5 M NaCl followed by incubation of the eluate overnight at 65 C.
After addition of 1 ll linear acrylamide, DNA was precipitated with
1.0 ml 100% EtOH. The pellet was washed with 1 ml 75% EtOH, and
then dissolved in 100 ll TE, pH 8.0. Proteins were digested with pro-
teinase K andDNAwas extracted with phenol/chloroform and the ﬁnal
DNA pellet was dissolved in 50 ll TE buﬀer. Speciﬁc DNA concentra-
tions were quantiﬁed by real time PCR as described above.2.2. Adenovirus construction and infection
Murine hnRNP K protein cDNA was inserted into pAdTrack vec-
tor, and HTC-IR cells were transfected as previously described [9].
RNA half-life experiments. HTC-IR cells, transfected with adenovi-
rus vector encoding either green ﬂuorescent protein (GFP) (control) or
murine hnRNP K protein for 24 h, were treated with 5 lg/ml actino-
mycin D and further cultured up to an additional 24 h. At 0, 1, 2, 3,
4, 6 and 24 h cells were harvested and total RNA was isolated and pro-
cessed for RNA analysis using RT-real time PCR. Least-squares best-
ﬁt linear-regression analysis was used to determine RNA half-lives.2.3. Western blotting
Equal amounts of sample protein were separated by 10% SDS–
PAGE, electro-transferred to polyvinylidene ﬂuoride (PVDF) mem-
brane and immunostained by standard methods.
Statistical analysis. Results are presented as means ± S.D. Signiﬁ-
cant diﬀerences between mean values were assessed by the two-tailedt test for unpaired data using Statistica PL software. Means were con-
sidered to be statistically distinct if P < 0.05.3. Results
3.1. Insulin increases import of hnRNP K protein into
mitochondria
It has been established that insulin increases levels of mito-
chondrial hnRNP K protein [9]. To obtain more information
on the mitochondrial topology of hnRNP K protein and its
potential import mechanisms, we investigated the mitochon-
drial transport of hnRNP K protein using an in vitro mito-
chondrial import system with the protein synthesized in vitro
by coupled transcription-translation.
Preliminary experiments were carried out to carefully opti-
mize the reaction of hnRNP K protein import by evaluating
the composition of the reaction mixture, the amount of mito-
chondria used for reaction, the time of reaction incubation and
a washing procedure for removal of the non-speciﬁcally bound
radioactive protein from the surface of mitochondria.
A standard import reaction containing a suspension of mito-
chondria (50 lg of mitochondrial proteins in a volume of 50 ll
of the import buﬀer) and 10 ll of in vitro-synthesized 35S-
hnRNP K protein was incubated at 30 C for 30 min. At the
end of the incubation, the reaction was separated into mito-
chondrial pellet and post-mitochondrial supernatant as de-
scribed above. The separation procedure was successful in
almost completely removing 35S-hnRNP K protein from the
mitochondrial surface as veriﬁed by treatment of the mito-
chondria with proteinase K (Fig. 1A). Under these conditions,
we have obtained a very high and speciﬁc rate of in vitro im-
port of 35S-labeled hnRNP K protein into isolated mitochon-
dria. This rate reached 25.7 ± 3.8% (n = 12) with only
3.2 ± 1.2% (n = 4) of the input protein for the full-length (1–
463 amino acids) and the N-fragment of hnRNP K protein
(1–142 amino acids), respectively (Fig. 1B).
Mitochondria are tightly coated by polysomes that serve to
translate mitochondrial proteins from nuclear mRNAs [15–
17]. These polysomes are enriched with mRNAs encoding
mitochondrial proteins which are transported into the vicinity
of mitochondria by RNA-binding proteins. As shown in
Fig. 1C, RNase-treatment of mitochondria in vitro signiﬁ-
cantly elevated the import rates of 35S-labeled hnRNP K pro-
tein indicating that greater quantities of hnRNP K protein
were made available for the import reaction. This ﬁnding con-
ﬁrms our previously reported results indicating that attach-
ment of hnRNP K protein to polysome-bound mitochondria
occurs via interacting RNAs [9].
The addition of cytosolic proteins to the import reaction
does not inﬂuence the level of imported hnRNP K protein
(not shown).
Mitochondrial proteins usually require both ATP hydrolysis
and membrane potential (Dw) across the inner membrane to
drive the import process [11,18,19]. To reduce the need for en-
ergy supplementation, the in vitro import reaction was per-
formed on ice. As shown in Fig. 1D, carrying out the
reaction at 0 C signiﬁcantly reduces mitochondrial import of
the 35S-labeled hnRNP K protein. However, dissipation of
the mitochondrial membrane Dw by treatment of mitochon-
dria with m-chlorophenylhydrazone (CCCP) [11] did not
change the in vitro import of hnRNP K protein (Fig. 1E).
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Fig. 1. Import of hnRNP K protein into isolated mitochondria. In vitro translated 35S-hnRNP K protein was incubated at 30 C for 30 min with
mitochondria (50 lg of mitochondrial proteins in a total volume of 60 ll) isolated from HTC-IR cells. The import reaction was quenched by washing
with ice-cold import buﬀer and separation into mitochondrial pellet and post-mitochondrial supernatant followed centrifugation through 1.0 M
sucrose. Mitochondria were solubilized by the gel-loading buﬀer and total mitochondrial proteins were then analyzed by SDS–PAGE and electronic
autoradiography. The digital images and densitometric analyses of hnRNP K protein bands were acquired with the Molecular Imager FX Pro Plus
system (Bio-Rad). (A) Mitochondria separated from import reactions were treated without or with 0.1 mg/ml proteinase K for 30 min on ice to digest
35S-hnRNP K protein localized on the mitochondrial surface. Autoradiograph (upper panel) of a representative reaction comparing 35S-hnRNP K
signals from mitochondria incubated in the absence or presence of proteinase K. Graph (lower panel) exhibiting densitometric analysis of 35S-hnRNP
K protein and expressed in digital light units (DLU). Results shown represent means ± S.D. of 3 independent experiments. (B) In vitro translated 35S-
full-length hnRNP K protein (1–463 amino acids) and the 35S-fragment of hnRNP K protein (1–142 amino acids) were used in the mitochondrial
import reactions. Autoradiograph (upper panel) of representative reactions comparing import rates of the full length hnRNP K protein (1) and N-
fragment of hnRNP K protein (3) to signals obtained from 20% of respective import reaction inputs (2 and 4). Graph (lower panel) exhibiting
densitometric analysis of 35S-protein imports and expressed as the percentage of protein radioactivity used in the reactions. Results shown represent
means ± S.D. of 12 and 4 independent experiments, respectively. (C) Representative autoradiograph (upper panel) and graph (lower panel) exhibit the
eﬀects of mitochondria treatment with (RNase +) or without (RNase ) 50 lg RNase A/ml at 37 C for 30 min on 35S-hnRNP K protein import rate.
Results shown represent means ± S.D. of 3 independent experiments. (D) Representative autoradiograph (upper panel) and graph (lower panel) show
the eﬀect of reaction temperature (30 and 0 C) on the 35S-hnRNP K protein import rate. Results shown represent means ± S.D. of 3 independent
experiments. (E) Representative autoradiograph (upper panel) and graph (lower panel) indicating that mitochondrial treatment with 90 lM CCCP
for 5 min on ice prior to the import reaction on 35S-hnRNP K protein has no eﬀect on the import rate. Results shown represent means ± S.D. of 3
independent experiments.
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the imported hnRNP K protein were washed, recovered by
centrifugation through a sucrose cushion and subjected to os-
motic shock which liberates mitochondrial outer membranes
and intermembrane space proteins from mitoplasts. To verify
mitoplast purity, the mitochondrial subfractions were then
tested for outer and inner membrane markers.
Monoamine oxidase (MAO) is an enzyme of the mitochon-
drial outer membrane which catalyzes oxidative deamination
of biogenic amines [20]. Uncoupling protein 2 (UCP2) is a
member of a family of inner mitochondrial membrane ion car-
riers involved in a host of metabolic processes [9]. Western
blotting analyses conﬁrmed that MAO was detected in the
outer membrane fractions and UCP2 was detected in the
mitoplasts (Fig. 2A).
Transcripts of sec61a associate exclusively with the endoplas-
mic reticulum (ER) [21]. Since mitochondrial outer membranes
can fuse with the ER [22], the sec61amRNAwas used as a mar-ker to further exclude the possibility of contamination of mito-
plast preparations by mitochondrial outer membranes. As
shown in Fig. 2B, sec61a mRNA, determined by RT-real time
PCR, was mostly detected in the outer membrane fraction,
while ND1 mRNA was detected in the mitoplasts.
Import of 35S-hnRNP K protein into mitochondria was per-
formed as described and mitochondria were separated into
membrane fractions and mitochondrial matrix fractions.
Fig. 2C shows that only a small portion of the radioactive
hnRNP K protein was detected in outer membranes, and the
imported hnRNP K protein was found to be mostly associated
with the inner membrane fraction and to a lesser extent with
the mitochondrial matrix fraction. RNase-treatment of mito-
chondria before initiation of the import reaction signiﬁcantly
elevated the import rates of 35S-labeled hnRNP K protein into
the inner membranes and mitoplast matrix but decreased the
protein levels in the outer membranes (Fig. 2D). When the
import reactions were carried out on ice, levels of hnRNP K
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Fig. 2. Insulin stimulates import of hnRNP K protein into mitochondrial sub-fractions. The mitochondrial 35S-hnRNP K protein import was
performed as described. Mitochondria were recovered from the reaction mixture and mitochondrial outer membranes and the intermembrane space
proteins were separated from mitoplasts by osmotic shock. (A) Equal amounts of sample protein from outer membranes and mitoplasts were
separated by 12% SDS–PAGE and monoamine oxidase (MAO-A; H-70, Santa Cruz) and uncoupling protein 2 (UCP2; C-20, Santa Cruz) levels were
determined by immunoblot analysis. (B) Mitochondrial fractions isolated in the presence of RNase inhibitor (200 U/ml) were used for isolation of
RNA. Phenol-puriﬁed and ethanol-precipitated RNA pellets were further puriﬁed using RNeasy mini columns after on-column DNase digestion
with the RNase-free DNase set (Qiagen). RNA samples were then reverse transcribed and real-time PCRs were carried out using primers to sec61a
and ND1. The bars show relative RNA copies in the mitochondrial fractions expressed as the percentage of total RNA levels for a particular gene
(mean; n = 2). (C) Mitochondria were separated for membrane fractions and mitochondrial matrix and then analyzed by SDS–PAGE and
autoradiography. Representative autoradiograph (upper panel) and graph (lower panel) showing densitometric analysis of 35S-hnRNP K protein
expressed in digital light units (DLU). Results shown on the graph represent means ± S.D. of 3 independent experiments. (D) Graph exhibiting the
eﬀects of treatment of mitochondria with (RNase +) or without (RNase ) 50 lg RNase A/ml at 37 C for 30 min on 35S-hnRNP K protein import
into mitochondrial fractions. Results shown on the graph exhibiting densitometric analysis of 35S-protein imports are expressed as the percentage of
protein radioactivity used in the reactions and represent means ± S.D. of 3 independent experiments. (E) Graph showing the eﬀect of reaction
temperature (30 and 0 C) on 35S-hnRNP K protein localization within mitochondrial fractions. Results shown represent means ± S.D. of 3
independent experiments. Mitochondria were treated with RNase A followed by incubation with 35S-hnRNP K protein at 30 C for 30 min. Total
mitochondrial proteins (F) and proteins from outer membranes, inner membranes and mitochondrial matrix (G) were analyzed by SDS–PAGE and
autoradiography. Results shown are expressed as the percentage of protein radioactivity used in the reactions and represent means ± S.D. of 3
independent experiments. *, ** indicate signiﬁcant diﬀerences (*P < 0.05; **P < 0.01).
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Fig. 3. Expression of exogenous hnRNP K protein decreases half-life
of mitochondrial RNAs. Serum-deprived HTC-IR cells were infected
with adenovirus expressing either GFP or hnRNP K protein. After
24 h, the cells were treated with 5 lg/ml actinomycin D and harvested
at 0, 1, 2, 3, 4, 6 and 24 h. Total RNA was isolated and processed for
RNA analysis using RT-real time PCR. Quantiﬁcation of mitochon-
drial RNA was carried out at diﬀerent time points after transcription
inhibition for calculation of half-life of mitochondrial transcripts. The
graph shows half-life data for individual mitochondrial RNAs found
in control cells and those expressing exogenous hnRNP K protein.
Results show means ± S.D. of 3 independent experiments.
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within the inner membrane (Fig. 2E).
To evaluate the eﬀect of insulin on hnRNP K protein import
in vitro, mitochondria were isolated from HTC-IR cells treated
for 30 min with or without 10 nM insulin. Insulin treatment of
the cells signiﬁcantly increases the import of hnRNP K protein
into mitochondria isolated from these cells (Fig. 2F), mainly to
inner membranes (Fig. 2G).
3.2. hnRNP K protein modulates the levels of mitochondrial
encoded transcripts
Mitochondrial DNA encodes 13 polypeptides (7 subunits of
nicotinamide adenine dinucleotide dehydrogenase, one subunit
of cytochrome c reductase, 3 subunits of cytochrome c oxidase
and 2 subunits of ATP synthase) and 2 ribosomal RNAs (12S
and 16S).
To investigate whether hnRNP K protein inﬂuences the sta-
bility of mitochondrial RNAs, serum-deprived HTC-IR cells
infected with either adenovirus expressing GFP (control) or
hnRNP K protein were cultured in the presence of transcrip-
tional inhibitor actinomycin D. Transcript levels were deter-
mined at diﬀerent time points between 0 and 24 h. As shown
in Fig. 3, the most unstable RNA species represented all ND
transcripts (1.6–2.3 h), whereas the most stable appeared to
be 12S rRNA (6.5 h) and 16S rRNA (6.9 h). The mean half-lifeof all mitochondrial transcripts measured in rat hepatocytes
was 3.0(±1.6) h and appeared to be very similar to mitochon-
drial RNA half-lives reported for other cells [23,24]. Adenovi-
A. Dzwonek et al. / FEBS Letters 580 (2006) 1839–1845 1843rus-mediated overexpression of hnRNP K protein signiﬁcantly
lowered the mean half-life of all 15 mitochondrial RNAs to
2.2(±1.0) h (n = 3; P < 0.01), and predominately lowered the
half-lives of the two rRNAs. High levels of hnRNP K protein
did not alter the stability of two nuclear-encoded genes: Egr-1
and c-myc (not shown).
We then compared the expression of mitochondrial hnRNP
K protein and mitochondrial transcript levels in HTC-IR cells
infected by adenovirus expressing GFP or hnRNP K protein
and treated with 10 mM insulin for 30 min. Expectedly, insulin
treatment increased the expression of the total endo- and exog-
enous hnRNP K protein mRNA (Fig. 4A) and enhanced the
protein levels in the mitochondria (Fig. 4B). The 30-min treat-
ment of cultured hepatocytes with 10 mM insulin causes 1.5–
2.5-fold increases in mitochondrial mRNA levels; the mean
change of 15 mitochondrial transcript levels was 1.7-fold ± 0.4.
While the increased level of hnRNP K protein in resting cells
accompanied a decreased steady-state level of mitochondrial
transcripts, in insulin treated-cells, overexpression of hnRNP0
10000
20000
30000
D
LU
control
insulin
0
1500
3000
4500
R
N
A 
(co
py
 nu
mb
er) control
insulin
p<0.01
p<0.01
p<0.01
p<0.01
αK (#54)
Insulin         -          +     -         +
Adenovirus
GFP
Adenovirus
GFP
Adenovirus
hnRNP K
Adenovirus
hnRNP K
0
1
2
N
D
1
fo
ld
-
ch
an
ge
0
1
2
3
D
N
A 
co
pi
e
s 
(fo
ld
-in
cr
e
a
se
)
A C
B D
Fig. 4. (A–C) Overexpression of exogenous hnRNP K protein decreases stea
stimulated expression. Serum-deprived HTC-IR cells infected with either G
10 nM insulin for 30 min (control cells had no insulin treatment). (A) Total
results are shown as copies of hnRNP K protein RNA/103 copies of GAPD
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Molecular Imager FX Pro Plus (Bio-Rad) (lower graph). Results shown repre
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mitochondrial transcripts (Fig. 4C). The mean changes of 15
mitochondrial transcript levels in resting and insulin treated
hepatocytes infected with adenovirus-K were 0.87-fold ± 0.07
(n = 3; P > 0.01) and 1.25 ± 0.11 (n = 3, P > 0.01), respectively,
of those infected with control virus. Thus, overexpression of
hnRNP K protein modulates the levels of mitochondrial tran-
scripts with an observed increase or decrease in mitochondrial
mRNA levels which is dependent upon insulin treatment.
3.3. Insulin stimulates binding of hnRNP K protein to
mitochondrial DNA
hnRNPKprotein interacts with coding and non-codingmito-
chondrial transcripts [7]. To determine if hnRNP K protein
binds to rat mitochondrial DNA, we used an assay based on the
previously described chromatin immunoprecipitation method
[14]. Freshly isolated mitochondria from resting and insulin-
stimulated HTC-IR cells were treated with formaldehyde [13]
to lyse the mitochondria. DNA was then sheared by sonicationN
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sent means ± S.D. of 3 independent experiments. (C) RNA levels of 15
individual RNAs were calculated by normalizing to GAPDH mRNA
adeno-K compared to cells transfected with adeno-GFP. Results show
K protein interaction with mitochondrial DNA. Serum-deprived HTC-
ated mitochondria (equivalent of 1 mg of total mitochondrial protein)
ch of the time points, half of the mitochondrial DNA–protein sonicate
ked antibody #54. DNA isolated from pull-downs was quantiﬁed using
ch time point normalized to the DNA copies of the zero time point
ces (*P < 0.05; **P < 0.01) between untreated and insulin-treated cells.
1844 A. Dzwonek et al. / FEBS Letters 580 (2006) 1839–1845and directly immunoprecipitated with anti-hnRNP K protein
antibody. Cross-linking of DNA with hnRNP K protein from
the pull-downs was reversed and DNA was isolated, puriﬁed
and then used as a template in real-time PCR with three pair
of primers that amplify diﬀerent fragments of mitochondrial
DNA (with lengths of 3056–3357 bp, 10256–10696 bp and
14630–15050 bp). Compared to pull-downs performed in the
presence of an antibody blocking peptide [14], the results of
quantitative measurement revealed several-fold higher copy
numbers in DNA samples isolated from pull-downs when anti-
body was not blocked with the peptide (not shown). Insulin
treatment signiﬁcantly increased hnRNP protein binding to
mitochondrial DNA, with a peak of binding at 30 min. The
kinetics of binding were very similar for each set of primers used
(Fig. 4D). Since sonication of mitochondria resulted in shearing
of mtDNA into fragments shorter that 2000 bp, it appears that
hnRNP K protein may interact with the full length mitochon-
drial genome.4. Discussion
Mitochondria are most notably involved in cellular bioener-
getics, but also in the regulation of cellular proliferation and
diﬀerentiation [25]. Active regulation of mitochondrial ATP-
synthase in response to cellular energy demand has been de-
scribed for mitochondria in diﬀerent tissues, including muscles
and brain [26]. The function of mitochondria in muscle is selec-
tively stimulated by insulin which activates transcription rates
from both mitochondrial and nuclear genomes [27]. Transcrip-
tion of mitochondrial genes is also activated by insulin in hepa-
tocytes. It was recently proposed that altered mitochondrial
biogenesis leads to decreased capacity of oxidative phosphory-
lation and may be involved in the pathogenesis of obesity, age-
related resistance to insulin and the development of type 2
diabetes mellitus [28–30].
Mitochondria are surrounded by outer and innermembranes.
The outer membrane is fairly permeable, while the inner mem-
brane tightly maintains the electrochemical gradient necessary
for proton-driven ATP production and is embedded with carri-
ers that transport ions and other substrates [31]. Proteins im-
ported into mitochondria can be directed to the outer
mitochondrial membrane either post-translationally or co-
translationally [32]. Most of the outer membrane proteins and
carrier proteins of the inner membrane contain non-cleavable
import signal sequences, whereas others, destined formitochon-
drial matrix, the intermembrane space or the inner membrane,
are predominately initially synthesized as precursor polypep-
tides having trimmed N-terminal targeting sequences [33,34].
The computer analysis failed to identify the mitochondrial
localization signal within the hnRNP K sequence [10]. This
poses a question with regard to how hnRNP K protein is rec-
ognized and directed to the inner membrane by mitochondrial
import machinery.
As reported recently [35], two mitochondrial proteins known
as Hsp70 and Hsp60 were found to interact with hnRNP K
protein. Both proteins are essential for the translocation of
cytosolic proteins across the two mitochondrial membranes
[18,19,36] and may be also involved in the transport of hnRNP
K protein into mitochondria [36].
As shown, hnRNPKprotein is localizedmainly within the in-
nermembranes and is to a lesser extent associated with themito-chondrial matrix. Import of hnRNP K protein into
mitochondria appeared to be energy-dependent but was not
dependent on the inner membrane potential. These results are
in contrast to commonly accepted mechanisms assuming that
while proteins targeted to the inner membrane require ATP,
the inner membrane electric potential is required for transloca-
tion of imported protein across the inner membrane to themito-
chondrial matrix. Thus, either hnRNP K protein import into
mitochondrial matrix is truly potential-independent or, incuba-
tion ofmitoplasts in lysis buﬀer liberates hnRNPKprotein from
the inner membranes and contaminates the matrix fraction.
Insulin enhances mitochondrial import of hnRNP K protein
not only in vivo in the whole cell [9], but also in vitro when
mitochondria have been isolated from insulin treated-cells.
Thus, an insulin import signal is probably localized on the
mitochondrial surface and/or within the mitochondria and re-
mains intact during the process of isolation of mitochondria.
However, the nature of the mitochondrial hnRNP K protein
import signal generated by insulin remains to be identiﬁed.
The nucleosome, a mitochondrial DNA–protein complex,
contains mitochondrial transcription factor A, histone family
proteins, high-mobility group proteins and other proteins
[37,38]. The results presented herein provide the ﬁrst evidence
that mitochondrial DNA also binds hnRNP K protein, and
indicate that this interaction is stimulated by insulin treatment.
Further, hnRNP K protein may interact with mitochondrial
DNA directly or indirectly by binding to nascent transcripts
or other protein(s) involved in DNA–RNA–protein com-
plexes. Studies of the in vivo interaction of hnRNP K protein
with nuclear DNA targets have revealed transcriptionally
dependent recruitment of hnRNP K protein [14].
hnRNP K protein interacts directly and indirectly with a
large repertoire of nuclear- and mitochondrial-encoded
RNAs, associations that are responsive to ligands such as
insulin [7,8]. One of these RNAs is the nuclear-encoded
uncoupling protein-2 transcript whose insulin-induced expres-
sion in the mitochondria is regulated by hnRNP K protein
[9]. As shown in this study, increased level of mitochondrial
hnRNP K protein also modulates the levels of mitochondri-
ally-encoded transcripts.
The mRNA abundance is controlled at many stages of the
processes of transcription, maturation and degradation. In
mammals, the mitochondrial circular DNA is almost com-
pletely and symmetrically transcribed from both the heavy
and light strands, and resulting polycistronic RNA is pro-
cessed by endonucleolytic cleavage [39]. Then, mitochondrial
RNAs undergo 3 0 polyadenylation for maturation. Shortened
poly(A) tails are associated with decreased stability of human
mitochondrial RNA [40]. Our study has shown that overex-
pression of hnRNP K protein decreases messenger RNA sta-
bility in mitochondria. The mechanism involved in the
regulation of mitochondrial RNA turnover by hnRNP K pro-
tein is unknown, and it can only be speculated that hnRNP K
protein contributes to transcript stability by destabilization of
mitochondrial RNA or enhancement of degradosome recruit-
ment and activity, or both.
hnRNP K protein acts as a docking platform [4]. Our mass
spectrometry-based studies [35] identiﬁed 15 proteins with de-
ﬁned mitochondrial locations that interact with hnRNP K pro-
tein. These include outer (Raf1, protein serine/threonine kinase)
and inner membrane proteins (adenine nucleotide transloca-
tors, mitochondrial F1 complex delta subunit proteins and
A. Dzwonek et al. / FEBS Letters 580 (2006) 1839–1845 1845components of cytochrome b-c1). There were also several mito-
plasm factors including heat shock proteins. Thus, hnRNP K
protein may inﬂuence not only transcriptional activity of mito-
chondrial genes but it may also mediate mitochondrial response
to insulin by direct interaction with proteins of the mitochon-
drial respiratory chain.
Published evidence is increasing that hnRNP K protein is in-
volved in chromatin remodeling, transcription, splicing and
translation processes [4]. Based on these and our previously re-
ported results [7,9] we conclude that hnRNP K, an RNA/
DNA-binding protein, can integrate signals from multiple cel-
lular signaling cascades that regulate nucleic acid-dependent
processes, not only in nucleus and cytoplasm, but also in mito-
chondria as an important mediator of insulin signaling.
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